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A key component of the standard model (SM) is spontaneous electroweak symmetry breaking, which gives rise to the mass of all fermions and the W and Z 0 gauge bosons. This process leads to the existence of a neutral scalar particle, the Higgs boson (H 0 ), whose mass is unspecified in the SM, but whose couplings to all other particles of known mass are fully specified at tree level. The Higgs boson has not been directly observed, but its expected contribution to loop corrections for many SM observables has allowed an inferred mass of M H 126 73 ÿ48 GeV=c 2 from precision electroweak measurements [1] . In addition, direct searches at LEP 2 have excluded, with a 95% confidence level, a SM Higgs boson with M H < 114:4 GeV=c 2 [2] . The relatively low H 0 mass favored within the SM framework implies the possibility of its direct observation at the Tevatron in run II, where searches have begun by both the D0 [3] and CDF collaborations. Here we report on direct searches using data accumulated by the Collider Detector at Fermilab (CDF) between February 1992 and July 1995 (run I) for a total integrated luminosity of 106 4 pb ÿ1 . At the Tevatron, the SM Higgs boson is produced from both gluon-gluon and quark-antiquark initial states [4] . Although the dominant production mechanism is gg ! H 0 , production in association with vector bosons (q [5, 6] . Here we add the searches for Z 0 H 0 production using the decay channels ' ' ÿ b b and b b. Finding no evidence for Higgs boson production using these decay modes, we set limits on the production cross section as a function of mass, and combine our results with the previous VH 0 cross section limits. These limits represent the final CDF cross section limits for Higgs boson production in association with a vector boson from the run I data.
The CDF detector is described in Ref. [7] , and the coordinate system and various quantities used throughout this Letter are defined in Ref. [8] . The momenta of the charged leptons are measured with the central tracking chamber in a 1.4 T superconducting solenoidal magnet. Electromagnetic and hadronic calorimeters surrounding the tracking chambers are used to identify electrons and jets and to measure their energies. Muons are identified with drift chambers located outside the calorimeters. The silicon vertex detector (SVX) is the innermost detector used for precise tracking in the plane transverse to the beam [9] .
In the analyses reported here, two algorithms using tracks measured with the SVX are applied to identify jets originating from heavy flavor quarks (b and c). The first reconstructs a secondary vertex (a vertex displaced from the primary interaction vertex) produced by the heavy flavor decays and measures the transverse decay length (SVX tag). The resolution of the transverse decay length of the secondary vertex is typically of order 150 m. The second algorithm uses the impact parameter of the tracks in the jet (the closest distance of the track to the primary vertex in the transverse plane) to calculate a probability that the jet is not from heavy flavor (JPB tag). The details of these tagging algorithms are given in Ref. [10] .
For the details of the analyses previously published, we refer to those publications [5, 6] and list the results here when appropriate, as they are used in the combined cross section limits. We now describe the two new channels,
b channel analysis are required to pass a high-P T lepton trigger and must contain two high-P T [8] , oppositely charged leptons (e or ) that are isolated from nearby tracks and calorimeter activity. At least one lepton is required to have P T > 20 GeV=c and be in the central detector (jj < 1:0). For the second lepton the P T requirement is relaxed to 10 GeV=c and the pseudorapidity range is extended into the plug calorimeter, up to jj 2:4. The dilepton invariant mass must be in the range 76 < M '' < 106 GeV=c 2 to be consistent with the decay of a Z 0 boson. This require-
051801-3 ment essentially removes any sensitivity of this analysis to Z 0 ! ÿ . The event is additionally required to contain two or three high-E T jets (E T > 15 GeV), at least one of which is SVX tagged. A cut on the missing transverse energy (E 6 T < 50 GeV) [8] is also applied, with the effect of reducing the t t background by approximately a factor of 2, while preserving about 95% of the signal.
The b b channel is characterized by two heavy flavor jets and large E 6 T from the neutrinos. The data sample for this channel is derived from an event trigger requiring E 6 T > 35 GeV in addition to event quality cuts [11] . To reject W and Z 0 decays to leptons, events containing an isolated track with P T > 10 GeV=c are removed from the sample. To ensure less susceptibility to the uncertainty in the trigger efficiency at threshold, the analysis requires E 6 T > 40 GeV. The trigger efficiency is approximately 60% at this value of E 6 T . Additionally, the event must contain two or three jets with E T > 15 GeV (about 20% of the ZH 0 signal contains a third jet). To reject QCD multijet events where the E 6 T results from a mismeasured jet, the azimuthal angle between the E 6 T and the direction of any jet with E T > 8 GeV is required to be at least 1.0 rad. In addition, the jets from inclusive dijet production tend to be back to back, while jets from H 0 ! b b in ZH 0 events tend to have a smaller opening angle, leading to the requirement that the azimuthal angle between the leading two jets be less than 2.6 rad. Approximately 10% of the efficiency from the b b selection is contributed by W H 0 events where the lepton is undetected.
Events in the b b sample are classified as ''single tagged'' (exactly one SVX tagged jet) or ''double tagged'' (one SVX tagged jet and a second jet tagged by either the SVX or JPB tagging algorithms). The backgrounds and efficiencies are calculated separately for these orthogonal sets, which are then treated as separate but correlated channels when combined with the other channels. This is analogous to what was done in the WH 0 ! 'b b search [5] .
The efficiencies for identifying VH 0 events with our selection criteria are summarized in Table I and are determined from a PYTHIA [12] Monte Carlo simulation of Higgs boson production via V ! VH 0 ! Vb b followed by a detector simulation. The Higgs boson is forced to decay to b b with a 100% branching ratio. The identification efficiencies for single leptons are measured from Z 0 ! ' ' ÿ events in the data and are found to be 91% for muons and 83% for electrons [13] . The SVX and JPB b-tagging efficiencies are determined using data and Monte Carlo samples with high b purity [10] . b where the E 6 T results from mismeasured jets. To calculate this contribution, we first parametrize the tagging rate in the E 6 T < 40 GeV region of the data as a function of jet E T and track multiplicity. By applying this parametrization to the jets in the signal region, we estimate the QCD background to be about 70% of the total background in the single-tagged sample and about 50% in the double-tagged sample. Smaller backgrounds include V heavy flavor, diboson, and t t, all of which are derived from Monte Carlo simulations.
For each decay channel, Table II summarizes [5, 6, 10] .
A binned likelihood is used to compare the dijet mass spectrum (of the two tagged jets, or the one tagged jet and the highest-E T untagged jet) in the data to a combination of expected distributions from the background processes and the VH 0 signal, as a function of H 0 mass. The observed dijet mass spectra for the b b and ' ' ÿ b b channels are shown together with the expected background and signal shapes in Figs. 1 and 2 , respectively.
Since no signal is observed, we calculate upper limits on VH 0 production using a Bayesian procedure. For each channel, a posterior density is obtained by multiplying the likelihood function for that channel with prior densities for all the parameters in the likelihood: integrated luminosity, background normalizations, signal efficiency, and the product 0 VH 0 VH 0 of the signal cross section VH 0 by the branching ratio for H 0 ! b b. With two exceptions, these priors are truncated Gaussian densities constraining a given parameter to its expected value within its uncertainty. The exceptions are 0 VH 0 and the QCD background normalization in the0 b b channel. Since nothing is presumed known a priori about these parameters, they are assigned uniform priors. The posterior density is then integrated over all parameters except 0 VH 0 , and a 95% credibility level (C.L.) upper limit on 0 VH 0 is obtained by calculating the 95th percentile of the resulting distribution. When combining channels, the same procedure is applied to the product of their likelihoods. Correlations in the total efficiencies are taken into account by identifying common parameters, such as the b-tagging efficiency and some kinematical efficiencies. Each of these common parameters is then assigned a single prior.
Upper limits on VH 0 in each channel and in all channels combined are summarized in Table III due to our improved understanding of the b-tagging efficiency [10] . Table III b channels have comparable sensitivity. In conclusion, we have searched for Z 0 H 0 production using the ' ' ÿ and decay channels of the Z 0 and produced limits on VH 0 production using these channels. We combined these limits with those previously published using other decay channels of the vector bosons to obtain final CDF run I 95% C.L. limits on VH 0 ranging from 7.8 to 6.6 pb for H 0 masses of 90 to 130 GeV=c 2 . These limits additionally apply to any scalar particle decaying to b b that is produced in association with a vector boson. These results and the combination methodology establish the foundation for our searches in the Tevatron run II data at s p 1:96 TeV, which are exploiting more search channels, an improved detector, and more advanced analysis techniques [14] . 
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